In the era of personalised medicine, genetic information is critical to directing therapeutic options, aiding risk stratification and disease monitoring of lymphomas. Liquid biopsy is a novel noninvasive, real-time and tumour-specific technique, reliably reflecting the comprehensive tumour genetic profile, and thus holds great promise for the genetic assessment, response monitoring and relapse detection of lymphomas. Standard methods for disease response assessment in patients with lymphoma, including positron emission tomography, are imperfect. In other haematological malignancies, particularly leukaemias, the ability to detect minimal residual disease (MRD) is increasingly influencing treatment paradigms. However, in some subtypes of lymphoma, such as diffuse large B-cell lymphoma and classic Hodgkin's lymphoma, the application of MRD assessment techniques such as flow cytometry or polymerase chain reaction-based methods has been challenged by the absence of circulating disease. The review summarises the applications of liquid biopsy in the assessment of tumour burden and response to therapy, noninvasive genomic profiling, and monitoring of clonal dynamics in patients with diffuse large B-cell lymphoma and classic Hodgkin's lymphoma.
The liquid biopsy
The accessing of tumour-specific DNA simply in plasma, serum or other body fluids, without the necessity of an invasive tumour biopsy, led to the concept of "liquid biopsy" in lymphoma types lacking leukaemic involvement. Cellfree fragments of DNA (cfDNA) are shed into the bloodstream by tumour cells undergoing apoptosis and circulate in plasma as double-stranded DNA fragments that are predominantly short (<200 base pairs [bp]), and normally at a low concentration [1] . In healthy individuals, plasma cfD-NA is believed to derive primarily from apoptosis of normal cells of haematopoietic lineage, with minimal contributions from other tissues [2] [3] [4] [5] [6] . The size distribution of cfDNA fragments is highly characteristic, corresponding to nucleosomes (∼147 bp) [7] and chromatosomes (nucleosome + linker histone; ∼167 bp) [8, 9] . In healthy subjects, plasma cfDNA concentrations range between 1 and 10 ng/ ml [10, 11] . In lymphoma patients, a proportion of cfDNA derives from apoptotic tumour cells [5] . Consistently, the total amount of cfDNA in lymphoma patients is increased compared with age and sex matched healthy subjects, with a mean concentration of 30 ng/ml of plasma [12] [13] [14] [15] . Levels of cfDNA vary across different lymphoma subtypes. The concentrations of cfDNA in patients with untreated diffuse large B-cell lymphoma (DLBCL), Hodgkin's lymphoma and mantle cell lymphoma are significantly higher than in healthy controls (12.1 ng/ml), at 26.9, 25.7 and 23.1 ng/ml, respectively, whereas the concentration of cfDNA is lower in follicular lymphoma (14.7 ng/ml) [14] .
Beside the type of lymphoma, tumour volume also impacts on cfDNA levels. Consistently, the median concentration of cfDNA in early stage DLBCL patients is significantly lower than in advanced stage cases [12] . By using the immunoglobulin gene rearrangement or the tumour mutation profile as lymphoma fingerprints, it is possible to discriminate normal cfDNA from cfDNA derived from tumour cells, also called circulating tumour DNA (ctDNA) [12, [15] [16] [17] [18] . Genomic analysis and quantification of ctDNA in lymphoma patients allows: (i) the identification of tumour mutations without need of a biopsy; (ii) tracking of tumour clonal evolution and identification of mutations causing resistance to treatment; and (iii) monitoring of residual disease after therapy.
Monitoring tumour immunoglobulin heavy chain (IgH) gene rearrangement on circulating tumour DNA
To evaluate lymphoma-specific ctDNA, several groups have analysed circulating clonal IgH gene rearrangements utilising PCR, high-throughput sequencing or next generation sequencing (NGS) [12, 13, 15, 19] . In these studies, the majority of patients had measurable IgH rearrangements in the plasma at disease presentation and the detection of plasma ctDNA IgH rearrangements was shown to have greater sensitivity than IgH rearrangements in circulating cells ( fig. 1) [15] . In particular, three independent studies detected clonotypic immunoglobulin rearrangements in pretreatment ctDNA in 82 to 92% of cases [12, 13, 15] . Levels of ctDNA correlated with other measures of tumour burden, including lactate dehydrogenase, metabolic tumour volume and International Prognostic Index. Furthermore, they suggested a prognostic role for monitor-ing ctDNA during and after therapy. In patients achieving an initial complete remission, ctDNA was detectable 3 to 3.5 months before clinical relapse, outperforming positron emission tomography / computed tomography (PET/CT) [12, 15] . In addition, patients with undetectable ctDNA on the first day of cycle 3 of therapy had a superior progression-free survival, but not overall survival, compared with patients with positive ctDNA [12] . Despite its value as a prognostic tool, tracking IgH sequences has several shortcomings, including the need for lymphoma clonotype assignment through the analysis of the tissue biopsy, limited sensitivity in low tumour burden settings and reduced applicability because of somatic hypermutation, leading to difficulty identifying clonotypic sequences.
Tumour genotyping on circulating tumour DNA
Tumour genotyping of mature B-cell tumours lacking a leukaemic phase has so far relied on analysis of the diagnostic tissue biopsy. However, multiregional sequencing showed that the diagnostic tissue biopsy might be subject to a selection bias resulting from spatial heterogeneity and, therefore, might not be representative of the entire tumour genetics. Indeed, different areas of the same tumour may show different genetic profiles (intratumoural heterogeneity). A biopsy from one part of a tumour may miss mutations occurring in subclones residing in anatomically distant sites, including clinically relevant genetic biomarkers for treatment tailoring or anticipation of resistance [20] . Furthermore, serial sampling of tumour material through repeat biopsies is usually not feasible in mature B-cell malignancies lacking a leukaemic phase, which hampers efforts to understand patterns of genomic evolution during disease progression and limits the monitoring of minimal residual disease (MRD) and the development of treatment emergent resistant mutations. On these bases, approaches that are complementary to the analysis of the diagnostic tissue biopsy are required in order to deal with the clinical need of comprehensive and easily accessible tumour genotyping. Recent advances in the sensitivity and accuracy of DNA analysis have allowed genotyping of ctDNA for the identification of somatic cancer gene mutations [21] . The ability to detect and quantify tumour mutations has proven effective in tracking tumour dynamics in real time, as well as serving as a liquid biopsy that can be used for a variety of clinical and investigational applications not previously possible. As ctDNA is representative of the entire tumour heterogeneity, it bypasses the bias imposed by tissue biopsies in the reconstruction of the entire cancer clonal architecture and allows identification of resistant clones that are dormant in inaccessible tumour sites. Accessing the blood stream has also a clear sampling advantage in the serial monitoring of treatment emergent resistant mutations in real time [21] .
A sensitive method used to detect disease-specific mutations in ctDNA is the CAncer Personalised Profiling by deep Sequencing (CAPP-seq) ( fig.1) [22, 23] . CAPPseq utilises a disease-specific "selector", which is a set of exonic and intronic targets chosen to cover regions of known recurrent mutations in a particular cancer type. Those targets are then amplified and sequenced in a patient's plasma sample, allowing quantification of ctDNA based on the detection of tumour-specific mutations, and simultaneous determination of an individual's specific tumour mutation profile. This method can simultaneously test for all important classes of mutation, including single nucleotide variants (SNVs), insertion/deletions (indels), copy number alterations and rearrangements. CAPP-seq has been used in highly promising studies in both solid and haematological malignancies [22] [23] [24] , based on its high sensitivity and ability to reliably identify patient-specific target sequences.
Independent studies assessed targeted gene mutations in ctDNA from untreated DLBCL patients by use of CAPPSeq. Our recent study has recently contributed to the development of this highly sensitive ultra-deep NGS approach to track DLBCL genetic profiles using plasma ctDNA [18] . Genotyping of 50 pretreated DLBCL plasma samples, which interrogated 59 genes, correctly identified almost all the mutations that were represented in the lymphoma tissue biopsy with a 92% detection specificity of tumour biopsy-confirmed mutations in ctDNA [18] . In a second study of 37 pretreated DLBCL plasma samples, which interrogated 268 genes, the detection specificity of tumour biopsy-confirmed mutations in ctDNA was 99.3%, variants were identified in 97% of cases, and confirmed a median of 95% of SNVs per ctDNA sample in paired tumour biopsies, indicating that plasma ctDNA is an effective surrogate for direct tumour genotyping [25] .
A third study of 45 pretreated DLBCL plasma samples detected ctDNA in 100% of patients with 99.8% specificity when tumour genotypes were known. In addition, 91% of tumour-confirmed SNVs in driver genes could be genotyped directly from pretreatment ctDNA, and this detection rate was directly correlated with ctDNA concentrations [26] . Finally, a study of 12 diagnostic DLBCL plasma samples identified a median concordance mutational rate of 85% between tumour DNA and ctDNA by using a specific Lymphopanel of 34 genes [27] . The CAPP-Seq approach was also applied and validated in other mature Bcell malignancies lacking a leukaemic phase. In our recent study, we established ctDNA as an alternative and accessible source of tumour DNA for classic Hodgkin's lymphoma (cHL) genotyping [28] . By identifying STAT6 as the most frequently mutated gene in~40% of cases, we refined the current knowledge of cHL genetics. Longitudinal ctDNA profiling identified treatment-dependent patterns of clonal evolution in patients relapsing after chemotherapy and patients maintained in partial remission under immunotherapy [28] .
A recent proof-of-concept study reported, for the first time, that the detection and measurement by digital PCR of recurrent somatic mutations in the plasma ctDNA of patients with DLBCL is possible, easy, and reproducible [29] . Testing of ctDNA with digital PCR is emerging as an appropriate and helpful molecular tool for the management of DLBCL, with NGS methods. A recent retrospective study including 94 all-stage cHL patients undergoing first-line therapy demonstrated, using dPCR, the presence of a highly recurrent exportin 1 (XPO1) E571K mutation in 24.2% of the patients [30] . A second study analysed ctDNA from 14 primary central nervous system lymphoma patients at diagnosis by using droplet digital PCR (ddPCR) and targeted deep sequencing. The group identified the MYD88 L265P mutation in 100% of cases by using ddPCR and 0% of cases by using targeted deep sequencing, implying dependence on the detection method [31] . Finally, a second recent study of nine diagnosed intravascular large B-cell lymphoma patients investigated a sequencing panel of eight genes by targeted sequencing with a mutation detection sensitivity in ctDNA of 100% compared with paired tumour tissue. The mutation detection sensitivity was also confirmed when they investigated mutation of MYD88 L265P by means of ddPCR assay [32] .
Through these novel methods, disease-specific mutations can be detected in ctDNA at diagnosis and followed throughout the course of the disease to quantitatively monitor tumour dynamics during treatment and to detect emergent mutations that may represent clonal evolution and/or herald resistance to targeted therapy.
Minimal residual disease monitoring of circulating tumour DNA in diffuse large B-Cell lymphoma
Owing to a lack of leukaemic involvement, MRD monitoring has, so far, been limited in tissue-born lymphomas such as DLBCL. In this lymphoma MRD cannot be determined by conventional methods, which hampers monitoring of MRD at the end of and after induction treatment. Against this background, ctDNA holds great potential for detection of MRD below the detection threshold of PET/CT ( fig.1) . However, to date few studies have assessed the clinical value of liquid biopsy at the end of treatment in DLBCL. One study tested plasma DNA in seven DLBCL patients who achieved complete remission on PET/CT after four cycles of treatment, and all seven cases had undetectable ctDNA, consistent with the PET/CT results [15] . In a second study, researchers analysed ctDNA from 17 patients whose disease progressed after achieving complete remission at the end of initial treatment, and they found positive ctDNA in 15 patients before progression [12] . Taken together, these results suggest that ctDNA analysis may be utilised in a manner that is complementary to PET imaging for residual disease monitoring.
Minimal residual disease monitoring on circulating tumour DNA in classical Hodgkin's lymphoma
Limited access to tumour material from the tissue biopsy has hampered the development of molecular prognostic and predictive factors in cHL, a frequent and clinically heterogeneous mature B-cell tumour whose stratification represents an unmet medical need. The rarity (usually <5%) of tumour cells (Hodgkin and Reed-Sternberg cells) in biopsies of lymph nodes involved by cHL and their routine formalin-fixed paraffin-embedded preservation impose major technical hurdles, and the identification of genetic features for disease monitoring and response assessment is challenging in this disease. In a large study using a highly sensitive NGS method, lymphoma-specific immunoglobulin gene segments were identified in cHL at initial diagnosis or at recurrence, and the ability to detect such lymphomaspecific sequences in peripheral blood was assessed [33] . Furthermore, pivotal evidence suggests that the use of ctD-NA for tumour genotyping may allow such technical issues in cHL to be bypassed [34] . In a retrospective study, cHL patients with a detectable XPO1 mutation in plasma ctD-NA detected with digital PCR at the end of treatment had a shorter progression-free survival than XPO1 negative cases [30] . These results support clearance of the XPO1 mutation in plasma ctDNA during and at the end of treatment as a new prognostic marker for patients with detectable mutations [30] .
In our recent report of ctDNA changes during therapy, we proposed ctDNA as a radiation-free tool to track residual disease, which may integrate PET imaging for the early identification of chemorefractory cHL patients and provide proof of concept that ctDNA may serve as novel precisionmedicine biomarker in cHL [28] .
Potential applications of liquid biopsies
Liquid biopsy is specific, efficient and less invasive than tissue biopsy for patients. The technology could also aid in treatment selection during routine clinical care, monitoring of medication effects such as drug resistance or tumour evolution, identification of recurrent or minimal residual disease and, ideally, detection of cancers in their most nascent stages and informing prognoses [25, 26] . The same benefits are applicable in the clinical trial setting, including screening patients for trial enrolment. The potential of liquid biopsies to detect changes in tumour genetics, before imaging reveals changes in growth, could enable therapy modifications or earlier second-line interventions [28] .
The most immediate implementations of ctDNA technology in clinical trials include: (i) baseline screening to identify patients harbouring actionable mutations (e.g., the study aimed at addressing tazemetostat in EZH2 mutated follicular lymphoma [35] ); (ii) early and accurate identification, by combining interim PET/CT with ctDNA measurement, of nonresponding patients who can be enrolled in intensification or biological agent-based treatment approaches [28, 36] ; (iii) monitoring the development of resistance mutations against the targeted agent tested in the trial.
Conclusions
The liquid biopsy approach has a great potential for the detection and surveillance of disease relapse, and many choices for the quantitation of mutations or VDJ rearrangements in circulating tumour DNA are currently available ( fig.1) . Despite the fact that many of these techniques have been developed as valuable, noninvasive, appropriate and real-time monitoring tools, none has yet translated into the clinical practice.
Undoubtedly, future studies to investigate whether monitoring of ctDNA can be used to improve clinical outcomes for patients with aggressive B-cell lymphomas are warranted. New opportunities that go beyond assessment of VDJ recombination are also being explored, and ultrasensitive assays that can assess for genotypic tumour DNA in the blood are under development as well [15, 18, 23, 25] . Molecular monitoring of ctDNA holds tremendous promise and may be a transformative tool for monitoring therapy in aggressive B-cell lymphomas. It is critical that well-designed trials validate current concepts and further explore applications for interim monitoring, surveillance monitoring and response assessment [37] . In order to meet clinical standards and to distinguish true variants from sequencing errors, NGS has to be accurate and robust [38] . NGS technologies are now applied to obtain a more comprehensive view of entire genomic regions. With these technologies, NGS provides opportunities to characterise personalised cancer gene maps and develop personalised medicine. Furthermore, several solutions to increase the sensitivity of the technology have been described, such as the use of complex barcoding strategies, which enable the separation of true SNVs from errors [39] [40] [41] [42] .
Recent studies on the analysis of different sources of liquid biopsies in peripheral blood, such exosomes/extracellular vesicles and circulating tumour cells, are becoming a powerful tool in furthering our understanding of cancer biology and improving the management and survival of cancer patients [43, 44] , although the biology and clinical implications of circulating tumour cells and exosomes in lymphomas are yet to be understood.
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